Abstract-(Methods for monitoring personal exposure to tetrachloroethylene vapour in the dry cleaning industry have been investigated. A Draeger diffusive colorimetric gas detector tube and the Delta vapour detection system manufactured by Sabre Gas Detection were both shown to be suitable for preliminary on-site monitoring. A range of short-term pumped colorimetric tubes were also shown to perform well under a range of environmental conditions. Data on laboratory evaluations and field trials are presented/ Crown copyright O 1996 Published by Elsevier Science Ltd for BOHS.
INTRODUCTION
Tetrachloroethylene (TCE) (also known as perchloroethylene) is widely used as a solvent in the dry cleaning industry. In humans it is toxic to the liver, kidneys and central nervous system and is a suspect carcinogen.. It has 8-h and 10-min timeweighted average (TWA) Occupational Exposure Standards (OES) of 50 and 150 ppm, respectively (HSE, 1994a) .
A number of methods for measuring personal exposure to TCE have been published (NIOSH, 1974; HSE, 1994) . Most of these require collection of an air sample at the workplace followed by subsequent laboratory analysis using gas chromatography. This study was prompted by the need for a more rapid and most effective method of assessing personal exposure to TCE without significantly compromising analytical accuracy. Consequently, this work evaluates alternative options which can provide an estimate of TCE exposure at the workplace with the minimum of delay between sample collection and producing the result. Such simple techniques would be invaluable in carrying out routine screening with the minimum of equipment and at a relatively low cost.
Although the emphasis is on estimating personal TWA exposure, 'instantaneous' background methods of measurement have a role to play in quickly identifying potential problem areas. These areas can then be more accurately targetted with personal TWA methods. For this reason both short-term and TWA methods have been included in this study.
The devices selected for inclusion (see below) included pumped, diffusive and instrumental methods covering both short-and long-term sampling periods. The problem of how to evaluate the performance of a diverse range of methods in an efficient way was approached by using the CEN protocol (CEN, 1990; Pengelly et al., 1994) as the basic framework for the tests but only testing a given device where appropriate. This meant, for example, that the Draeger 200/a-D diffusive colorimetric tube underwent most of the tests whereas the short-term gas detector tubes and the Delta system were included for only part of the protocol.
SYSTEMS INCLUDED IN THE STUDY

Instantaneous measuring systems
The definition of 'instantaneous' was taken to include devices which provided an assessment of TCE concentration within a time interval of a few seconds to a few minutes.
Gas detector tubes. Gas detector tubes were included in the study because of their ease of use and low cost. However little information is available on how they perform under a range of environmental conditions. The five gas detector tubes included were the Draeger 10/b, Draeger 2/a, Kitagawa 135SA, Gastec 133M and the Auer PR84O.
Instrumental methods. Instrumental methods can fulfil the requirement of rapid response but are often expensive. Two instruments were included in this work.
The Bruel and Kjaer type 1302 Multi Gas monitor is a mains powered unit which operates on the photoacoustic infrared principle. It provides a digital display of TCE concentration which is updated at intervals of less than 1 min. Filter number 0977 was fitted and the instrument was calibrated against a TCE test atmosphere whose concentration was verified using the charcoal tube reference method (see below). Data can be stored and subsequently downloaded to a computer so that both instantaneous and TWA data can be obtained. It was included primarily to provide information on background levels of TCE and for its ability to produce concentration-time profiles during the field trials.
The thermoelectron model 580B OVM photoionisation monitor (fitted with 10 keV lamp) is a fully portable hand-held monitor with a response time of a few seconds and so is particularly useful for rapid surveys of the work area. It was only available for the final field trial where it was used to assess the performance of the short-term gas detector tubes. It was calibrated against the Bruel and Kjaer monitor.
TWA measuring systems
Draeger 200/a-D diffusive colorimetric tube. The diffusive colorimetric tube requires no pump, no calibration and the result is available immediately on completion of sampling. The sealed glass tube contains the necessary chemical reagents held on a solid support material and it has a measuring range of 200-1500 ppm. To begin sampling, one end of the tube is removed and the tube is placed in a holder then clipped to the operator's lapel. TCE diffuses into the tube and reacts to produce a coloured stain the length of which is related to the exposure by reference to a calibration scale on the tube.
Delta. Delta (Daily Exposure Limit Test Apparatus) is manufactured by Sabre Gas Detection Ltd. TCE is collected (usually diffusively) using standard PerkinElmer diffusive sampling tubes packed with Tenax adsorbent. When sampling is complete, the TCE vapour is thermally desorbed from the Tenax tubes into a standard short-term TCE colorimetric gas detector tube. In this way, the Delta On-site monitoring of TCE in the dry cleaning industry 283 system makes the large range of short-term gas detector tubes available for TWA measurements. The Kitagawa 135SA tube was used to measure TCE in this work. Some processing is required after sample collection but the result is usually available within 10 min.
EXPERIMENTAL DETAILS
Reference analytical method
The primary reference method against which the devices were compared both in the laboratory evaluation and the field trials was pumped sampling onto charcoal tubes followed by desorption with carbon disulphide and analysis by gas chromatography (HSE, 1994b; NIOSH, 1974) . Water vapour can affect the collection and desorption efficiency of charcoal. By spiking known amounts of TCE onto the tubes and drawing air of known humidity through the tubes, it was shown that the variable recovery efficiency could be corrected by means of the equation
in which DE is the charcoal tube desorption efficiency (%) and W h is the mass of water sampled onto the tube (mg). W A (the mass of water vapour in the sampled air) was obtained by measuring relative humidity and temperature at the time of sampling and then consulting standard tables. The desorption efficiency was then used to correct all TCE analyses. TCE was desorbed from the charcoal with carbon disulphide. One microlitre of the resulting solution was analysed using a Perkin-Elmer Autosystem Gas chromatograph equipped with an FID and a 50 m capillary column (SGE part No. 50QC3-BP1-1.0). The carrier has was hydrogen (2.5 ml min~') and the oven was operated isothermally at 50°C. Preliminary investigations indicated that at the sample volumes and TCE concentrations likely to be encountered, the front 100 mg of charcoal in the sampling tube was sufficient to collect the TCE and the 50 mg 'back-up' portion was therefore not analysed.
Laboratory test atmospheres
Test atmospheres of TCE at known concentrations and relative humidity (RH) were generated in a 5 1. chamber contained within a thermally controlled water jacket allowing temperature control of the atmosphere (Pengelly et al., 1988) . Diffusive samplers were mounted (usually in groups of six) on an electrically powered, rotating carousel. By varying the speed of rotation, the face velocity across the entry to the device could be controlled. Temperature and relative humidity inside the chamber were monitored using a Vaisala HMI 32 temperature-humidity meter. Instrument probes and pumped devices were inserted into the test chamber through side entry ports.
Laboratory evaluation
Using the CEN protocol for guidance (CEN, 1990) , the effect on the various devices, where appropriate, of face velocity, temperature, humidity, exposure time and analyte concentration was determined as detailed in the following sections. Unless stated otherwise, the tests were carried out at 20°C, 40% RH and at a face velocity of 40 cm s~'. Each individual charcoal tube result quoted in the tables is the mean of six results.
The short-term colorimetric TCE tubes (Draeger 10/b, Draeger 2/a, Kitagawa 135SA, Gastec 133M and MSA Auer PR810) were evaluated at appropriate points in the protocol. Each of these samplers requires less than 2 min sampling time so they are effectively measuring instantaneous concentration and all tests were performed in duplicate. The Bruel and Kjajr type 1302 Multi Gas monitor had been shown to give accurate measurements of TCE in the laboratory test atmosphere when compared to the charcoal tube reference method and so was used as the reference method in this section of the work, since it offered a short-term, real-time result against which the gas detector tube results could be compared. Such short-term concentrations would be difficult to accurately quantify using the charcoal tube-GC reference method.
Effect of face velocity
The effect of face velocity on performance is only relevant to diffusive samplers which in this study included the Draeger 200/a-D diffusive colorimetric tubes and the Perkin-Elmer Tenax tubes used to collect samples for analysis on the Delta system. Since the effect of face velocity depends only on the geometry of the sampler and the Perkin-Elmer tube performance has been documented elsewhere (Pozzoli and Cottica, 1986 ) it was not included in this set of experiments.
Face velocity effects on the Draeger 200/a-D diffusive colorimetric tubes were investigated by varying the speed of the carousel supporting the samplers in the test chamber. By rotating the carousel at a known speed, the face velocity across the open end of the tube can be calculated. The lowest face velocity in these experiments corresponds to a stationary carousel. In this case, the only air flow derives from the slow movement of air through the sampling chamber (approximately 2.1 cm s" 1 ) and along the length of the tube. This gives an indication of the sampler performance in near still air.
The tests were performed at a nominal TCE concentration of 100 ppm (twice the 8-h OES) and all experiments were of 240 min duration. The tubes were used in accordance with the manufacturer's instructions (Draeger, 1987) . The dose indicated by the tubes was determined immediately upon completion of sampling by three independent observers (an effort was made to use the same three people at all times but substitutions were necessary on some occasions).
Effect of exposure time and concentration
Both Draeger 200/a-D diffusive colorimetric tubes and the Perkin-Elmer Tenax tubes used in the Delta system were included in these tests.
Six samplers of each type were subjected to nominal TCE concentrations of 25, 50 and 100 ppm for periods of 4 and 8 h resulting in an exposure range of 100-800 ppm.h. The Tenax tube was not included in the 8-h exposure at 100 ppm run as this would have produced a result outside the calibration graph for TCE supplied with the Delta instrument.
At the end of the sampling period, the Draeger tubes were evaluated as described earlier. The Tenax tubes were thermally desorbed with the Delta instrument into Kitagawa 135SA gas detector tubes.
Effect of temperature, concentration and relative humidity
The effects of temperature and water vapour on Tenax diffusive samplers have been documented elsewhere (Pozzoli and Cottica, 1986; Wright, 1993) consequently, the Tenax tubes were not included in this set of experiments.
The combined effects of temperature, concentration and RH on the Draeger/ 200a-D tube were determined by exposing the sampling tubes to TCE at 10 and 30°C, 20 and 75% RH and nominal concentrations of 25, 50 and 100 ppm. The exposure time was 7 h in each case. These combinations resulted in a series of 12 experiments.
Effect of exposure to zero concentration
This experiment is an addition to the CEN protocol. It is intended to simulate a situation in the workplace where the sampler may be subjected to a dose of TCE at an early stage during the monitoring period followed by several hours exposure to clean air before the tube reading is evaluated. The performance of Tenax tubes is already documented so only the Draeger 200/a-D were included.
In each experiment, six tubes were placed in standard atmospheres of TCE of either 50 or 200 ppm for 2 h. At this point tubes were removed and the exposure level determined. They were then replaced in the sampling chamber and exposed to TCE free air for a further 4 h. At the end of the sampling period, the tubes were evaluated again.
Interferences
The only other commonly used dry cleaning solvent, and therefore the most likely potential interfering substance, is Freon 113 (trade name Arklone). Laboratory investigation revealed that the presence of Arklone had no effect on the performance of the diffusive and short-term tubes discussed in this report.
RESULTS OF LABORATORY EVALUATION
Draeger 200/a-D diffusive colorimetric tube evaluation
Effect of face velocity. The results are given in Table 1 . 'Relative response' is denned as the TWA concentration indicated by the diffusive sampler (average result of three persons) expressed as a percentage of the true TWA concentration determined by the reference charcoal tube method. Statistical analysis indicates that face velocity has no significant effect on sampler performance (95% confidence level) indicating that the device will perform satisfactorily under a range of typical workplace conditions. There may however be some indication of an emerging effect on performance at the highest face velocity. The average of the mean results in Table  1 is 115% with a coefficient of variation (CV) of about 12%. This suggests that the Draeger tubes produce a result about 15% higher than the actual concentration of TCE.
Effect of exposure lime and concentration.
The results are given in Table 2 . Neither exposure time nor concentration exert a statistically significantly effect on sampler performance (95% confidence level) for these combinations of time and concentration showing that the device gives acceptable results over the dose range 76-768 ppm. The average of the mean results in Table 2 is about 109% (CV= 10%) suggesting that the tubes overestimate TCE concentration by about 9%.
Effect of temperature, concentration and relative humidity. The results are summarized in Table 3 . Statistical analysis indicated that all three variables affected sampler performance to some extent at the 95% confidence level and that there is an interaction between temperature and concentration. The main effect observed was On-site monitoring of TCE in the dry cleaning industry 287 that increasing the RH from 20 to 75% consistently reduced the response of the tube by, on average, 22%. The mean of all the results in Table 3 was 105% (CV= 19%) which is probably acceptable for a screening device subjected to the range of temperature, humidity and concentrations shown in Table 3 . Effect of exposure to zero concentration. The results of are summarized in the Table  4 . Those tubes exposed to the lower concentration showed no change in indicated dose after further exposure to clean air. One tube failed to register any response. The tubes exposed to the higher initial concentration exhibited an increase in stain length in every case on further exposure to clean air. This may be due to the presence of unreacted TCE in the tube when the initial reading was taken which continued to react with the colour indicating layer when exposed to clean air. The results show that the stain formed in the early part of the exposure period does not fade during substantial exposure to clean air. The mean relative response at the higher dose in Table 4 is 118% (CV = 29%) again indicating a tendency to overestimate TCE concentration but, in this case, with a somewhat larger CV.
Delta evaluation
Effect of exposure time and concentration. The results are given in Table 5 . Statistical analysis of the results indicated that neither exposure time or concentration have a significant effect on the performance of Delta (at the 95% confidence level). However a combination of the two factors does produce a statistically significant effect. The average of all the means in Table 5 is 99% with a coefficient of variation of 16%. Table 6 summarizes the performance of these tubes. All the tubes consistently gave results within 25% of the true concentration across the range of environmental conditions. The Kitagawa 135SA, along with the Gastec 133M (which utilizes the same chemistry) gave the most distinct colour change (yellow to pink). Both models allowed accurate readings to be taken at low TCE concentrations (down to 5 ppm) and both exhibited sharp, distinct stain fronts. The Gastec tube exhibited a slight tendency to under-read, typical results being in the range 70-85% of the true value. The two Draeger tubes (models 2/a and 10/b) produced a diffuse stain front probably as a result of the relatively coarse grain size of the supporting media. The colour change of the Auer PR810 from white to light green made the stain position difficult to estimate. The coefficients of variation of the tubes for all experiments (24 determinations for each tube across the temperature, humidity and concentration ranges shown in Table 6 ) were Draeger 2/a, 13.6%; Draeger 10/b, 23.5%; Gastec 133M, 8.4%; Auer PR810, 17.3%; Kitagawa 135SA 9.3%.
Short-term colorimetric tube evaluation
FIELD TRIALS
Field trials of the devices were carried out at three dry cleaning establishments. The pumped charcoal tube was used as the reference method to indicate the true TWA TCE concentration. The operators at each site were equipped with two Draeger 200/a-D tubes, one Tenax diffusive sampler (for subsequent analysis using Delta), and a pumped charcoal tube to be used as the reference method. The Bruel and Kjser monitor was also used at each site to assess the general background TCE On-site monitoring of TCE in the dry cleaning industry concentration. The results with the reference method, Draeger and Delta systems are given in Table 7 and the short-term gas detector tubes in Table 8 . At the first location, TCE levels were about 45 ppm (just under the OES) as indicated by the reference method although the Briiel and Kjaer monitor showed short-term excursions to about 80 ppm when the machine doors were opened (Fig. 1) . The four Delta results correlated well with the reference method (mean relative response = 106%, CV = 5.6%). The Draeger diffusive tube results were more variable. Three of the pairs of tubes correlated reasonably well with the reference method (mean relative response = 89%, CV=15%) but the fourth pair gave a TCE concentration which was only half the actual concentration. There was no obvious explanation for this. The reproducibility within pairs of tubes is reasonably good. The results obtained with the short-term detector tubes are shown in Table 8 and correlate reasonably well with the typical TCE concentrations found by the other methods.
TCE concentrations at the second site were much lower with levels in the region of 3 ppm. After a 4 h exposure, none of the four Draeger 200/a-D tubes exhibited a stain. Only two Tenax diffusive samplers were deployed in this trial. One agreed well with the reference method but the other was somewhat higher. The Delta system seems capable of detecting TCE at concentrations where the Draeger tube does not respond. Both devices correctly indicated that TCE concentrations were low at this site and so could fulfil the function of a screening method.
Because the concentrations of TCE were so low only a limited number of shortterm gas detector tubes were used (see Table 8 ).
In addition to personal samples, background samples were collected at the site of the third field trial. The background samples were placed in a sampling chamber fitted with a fan so that the workplace air would be drawn into the chamber and mixed well thus ensuring that all the sampling devices sampled the same atmosphere. The sampling chamber was located close to the dry cleaning machine. Typical concentrations of TCE were of the order of 45 ppm. Delta results were not available for this trial owing to a malfunction of the instrument. As in the first trial, the Draeger tube correlations with the reference method were variable. Personal samples collected on the first operator agreed reasonably well with the reference method. One of the samplers on operator 2 agreed with the reference method but the other produced a high result for which there was no explanation.
Good agreement between the reference method and the Draeger tubes might have been expected for the background samples as they were collected in the sampling chamber. One of the samples (Bl) demonstrated very good agreement whereas samples B2 and B3 produced Draeger tube results which were twice that of the reference method.
The response of the short-term detector tubes was compared, in this trial, with the PID. The PID results are shown in brackets in Table 8 and agree very well with the short-term detector tubes.
DISCUSSION
The Draeger 200/a-D diffusive tube performed quite well under a range of conditions in the laboratory evaluation. The performance in the field trials was acceptable for the most part although there were some anomalous results which could not be explained.
One issue not yet dealt with concerns the evaluation of the stain length against the scale on the tube. The combination of the large grain size of the support material in the tube and short scale length printed on the tube (a dose of 400 ppm.h, the equivalent of 8 h at the OES, results in a stain approximately 7 mm long) can introduce significant errors in assessing the dose indicated by the tube. During the laboratory investigations it was noted that stain evaluation can vary from person to person by as much as 25%. This error could outweigh any effects due to the environmental variables included in the study.
The Delta instrument performed well throughout the investigation although it was not evaluated as extensively as the Draeger diffusive tube. At low concentrations of TCE, as illustrated by the second field trial, it demonstrated a superior sensitivity to the Draeger tube. The Kitagawa 135SA stain tube which is used with Delta for TCE measurement has a sharp boundary to the coloured stain which probably contributes to the better CV of the Delta system compared with the Draeger tube. The calibration chart supplied with Delta is valid for 8-h TCE concentrations up to 60 ppm. Higher concentrations could, however be monitored, by sampling with several Tenax tubes consecutively and averaging the final result. The main disadvantage of Delta is the 10 min analysis time when compared with the 200a/D tube, which takes seconds to evaluate.
All the short-term pumped tubes included in the investigation produced satisfactory results although the Kitagawa 135SA probably produced the most distinct stain boundary.
CONCLUSION
The Draeger 200/a-D stain tube appears to be adequate as a screening device to measure TCE exposures of workers in the dry cleaning industry. More precise results are obtained using the Delta system, although this has the added cost of purchasing the instrumentation and the 10 min analysis time.
Short-term, real-time TCE levels can be determined adequately with any of the five pumped colorimetric tubes investigated, although the Kitagawa 135SA offers the most distinct colour changes.
A reasonable sampling strategy might be to equip personnel with both a Draeger 200/a-D tube and a Tenax tube during a hygiene survey. Only if the Draeger tube indicates a significant exposure would the Tenax tube be analysed either with the
